Electrocatalytic reactions build targeted molecules with low energy consumption and thus are intriguing both synthetically and mechanistically. We have carried out cyclic voltammetric studies on electrocatalytic intermolecular [2 + 2] cycloaddition reactions between an enol ether and an olefin nucleophile to reveal the electron transfer reactions in detail at the surface of the electrode.
Introduction
Electron transfer is one of the most fundamental and ubiquitous of all chemical and biological processes and thus has been studied in detail both practically and theoretically. 14 In order to investigate electron transfer reactions, various unique molecular systems have been developed to date. Typically, a photo-excitable electron donor and an electron acceptor are connected and the donor is photochemically activated to induce electron transfer toward the acceptor, which is then detected spectroscopically. In recent years, such a photochemical technique has led to the discovery of long-range photo-induced electron transfer through a DNA helix, offering promising applications for novel conductive materials.
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When it comes to organic electrochemistry, electron transfer events are triggered by electrode processes in a well-controlled manner in that both potential and current are switchable. 912 In addition, standard electrochemical analysis techniques, such as cyclic voltammetry, can be used to provide further insights into such electron transfer reactions. The voltammograms clearly reflect several mediated electrochemical reactions, which assist in the investigation of their mechanistic aspects.
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In this context, we have been developing electrocatalytic intermolecular [2 + 2] cycloaddition reactions, which were induced through anodic oxidation of enol ethers (1, 4) (Scheme 1). 1720 The resulting radical cations reacted with olefin nucleophiles (2, 5) to form transient cyclobutyl radical cations. In order for cyclobutane ring formation to be successful, an intramolecular alkoxyphenyl ring intermediate was essential as an electron donor to reduce the cyclobutyl radical cation, affording the relatively long-lived alkoxyphenyl radical cation. This radical cation was expected to be reduced by the starting enol ether, completing the reaction with a catalytic amount of electricity (Scheme 2).
When 1-ethoxyprop-1-ene (1) was used as the enol ether, our previous cyclic voltammetric studies showed that not only the starting enol ether but also the anode could "reduce" the alkoxyphenyl radical cation, namely, anodic backward discharge took place (Fig. 1) . 2123 For example, based on their oxidation potentials, the working electrode tuned at "1.2 V vs. Ag/AgCl" could oxidize 1-ethoxyprop-1-ene (1, E p ox = 1.18 V vs. Ag/AgCl), while it could also reduce the alkoxyphenyl radical cation to give the cycloadduct (3, E p ox = 1.50 V vs. Ag/AgCl), decreasing the overall current at this potential. 24 Described herein are further cyclic voltammetric studies on electrocatalytic intermolecular [2 + 2] cycloaddition reactions. 
The Electrochemical Society of Japan 4 . After filtration and evaporation under reduced pressure, the residue was purified by silica gel column chromatography using n-hexane-EtOAc to give cycloadduct.
Cyclic voltammetry
Cyclic voltammograms were recorded using a glassy carbon working electrode, platinum counter electrode, and Ag/AgCl reference electrode in 0.10 M LiClO 4 /MeNO 2 at 50 mV/s.
Results and Discussion
The present work began with the recording of the cyclic voltammogram of 1-(prop-1-en-1-yloxy)-4-propylbenzene (4) in the absence and presence of hex-1-ene (5). Based on the reaction mechanism (Scheme 3), we expected that anodic backward discharge would occur to decrease the overall current in analogy with the cyclic voltammogram of 1-ethoxyprop-1-ene (1) in the presence of 4-allylanisole (2). However, the result was not as expected (Fig. 2) .
Notably, the initial peak oxidation potential was negatively shifted from 1.32 V vs. Ag/AgCl to 1.27 V vs. Ag/AgCl and the current increased significantly even under the reducing sweep direction to cross over the current recorded under the oxidizing sweep direction at 1.75 V vs. Ag/AgCl. We then recorded the cyclic voltammogram of the cycloadduct (6) to find that its peak oxidation potential was observed at 1.24 V vs. Ag/AgCl, which corresponded to that of 1-(prop-1-en-1-yloxy)-4-propylbenzene (4) in the presence of hex-1-ene (5) (Fig. 3) .
Although the possibility could not be ruled out that the chemical reaction was slower than diffusion of the radical cation away from the electrode not to show the anodic backward discharge, these results could be explained based on the electrocatalytic nature of the reaction. Thus, the initial electron transfer reaction took place between the 1-(prop-1-en-1-yloxy)-4-propylbenzene (4) and the electrode at 1.1 V vs. Ag/AgCl and higher potentials to generate its radical cation, followed by rapid chemical transformation to afford the alkoxyphenyl radical cation. The oxidation potential of the cycloadduct (6) was not relatively high, therefore anodic backward discharge that would decrease the overall current was hardly observed. On the other hand, although their oxidation potentials were close to each other, the subsequent electron transfer reaction occurred effectively between 1-(prop-1-en-1-yloxy)-4-propylbenzene (4) and the alkoxyphenyl radical cation to complete and catalyze the reaction. Such an electrocatalytic process would also induce the bulk reaction to accumulate the cycloadduct (6) through the sweep, which was then oxidized to increase the overall current, resulting in the peak oxidation potential at 1.93 V vs. Ag/AgCl (Scheme 4).
Conclusion
In conclusion, cyclic voltammetric studies on electrocatalytic intermolecular [2 + 2] cycloaddition reactions have revealed the electron transfer reactions at the surface of the electrode in detail. Cyclic voltammograms provide direct observation of electron transfer reactions, affording unique reaction monitoring. As described herein, cyclic voltammetric studies in combination with organic electrochemical reactions would be a promising tool for the investigation of electron transfer. 
